Schizophrenia is a devastating psychiatric disease that affects up to 1% of the population worldwide. Recent studies suggested that schizophrenia might result from the hypofunction of glutamatergic neurotransmission. Systematic positional, expression and functional studies have implicated the regulator of G-protein signaling 4 (RGS4) and proline dehydrogenase (PRODH) genes as promising and novel candidates for explaining schizophrenia. However, the findings of association studies tend to vary depending on the different populations on which they have been conducted. To reconcile this conflict of evidence, we combined all available population-based and family-based studies up to July 2005 involving eight polymorphisms. However, this meta-analysis did not find statistically significant evidence for association between the two glutamate-related genes and schizophrenia on the basis of either allelic or genotypic analysis. This may be the first systematic meta-analysis study based on RGS4 and PRODH.
Introduction
Schizophrenia is a devastating psychiatric disease that affects up to 1% of the population worldwide.
1,2 Studies suggest that schizophrenia might result from the hypofunction of glutamatergic neurotransmission. 3, 4 Systematic linkage scans and review studies have identified several promising and novel 'positional candidates', including the regulator of G-protein signaling 4 (RGS4) and proline dehydrogenase (PRODH) genes. 5 -8 The RGS4 gene maps to 1q21 -q22, a candidate region that is close to a linkage peak. 9 RGS4 is a negative regulator of G-protein-coupled receptors, including the metabotropic glutamate receptor, 5, 10 and the RGS family are a group of GTPase-activating proteins that are abundant in brain regions implicated in schizophrenia, such as the neocortex, the caudate and the putamen. The expression of RGS4 has been shown to be downregulated in the postmortem brains of schizophrenic patients 11 and to interact with ErbB3, 12 which is also differentially expressed in the brains of schizophrenic patients. 13 The ErbB proteins family acts as receptors for neuregulin 1, which itself has been confirmed as a susceptibility gene to schizophrenia. 14 20 and its product is localized within the mitochondria where it catalyses the conversion of proline to D-1-pyrroline-5-carboxylate which can then be converted to glutamate or g-aminobutyric acid, both of which are candidate neurotransmitters for schizophrenia. 21 Liu et al 22 have recently reported association between PRODH and schizophrenia using three sets of independent samples. However, the evidence on association varied for each gene depending on the population used. To clarify this inconsistency and to establish whether there was an association between the common polymorphisms of each gene and schizophrenia, the current meta-analysis has combined data from all relevant published populationbased and family-based association studies.
Methods

Literature search
The literature included in the analysis was selected using PubMed and focused on the keywords 'schizophrenia' 'regulator of G-protein signaling 4' 'proline dehydrogenase' and abbreviation of the genes 'RGS4' 'PRODH'. All references cited in these studies and published reviews were reviewed in order to identify additional works not indexed by MEDLINE. The analyzed data cover those from all English language publications up to July 2005.
Inclusion criteria
Eligible studies had to meet all of the following criteria namely that: (1) they were published in a peer-reviewed journal and were independent studies using original data, (2) they provided sufficient data to calculate the odds ratio (OR) with confidence interval (CI) and P-value, (3) they investigated one or more of the eight polymorphisms using either population-based or family-based approaches, (4) they described the genotyping primers, machines and protocols or provided reference to them, (5) they diagnosed schizophrenia patients according to the ICD, DSM or Chinese classification of mental disorders systems and (6) they used healthy individuals as controls. Authors were contacted in cases where there were queries regarding their studies.
Assessments of quality: extended quality score For association studies with inconsistent results on the same polymorphisms, the methodological quality needs to be assessed using appropriate criteria to limit the risk of bias in the meta-analysis. The technique known as 'Extended-Quality Score' (Ver1.1) was used to assess the quality of association studies under which each paper was scored as being of 'high', 'median' or 'poor' quality.
Statistical analyses
Any study containing data from different ethnic populations was considered effectively as a series of individual studies. Data from the case -control and haplotype-based haplotype relative risk (HHRR) studies were summarized in two-by-two tables and transmission disequilibrium test (TDT) studies were summarized in two-by-one tables. From each table, a log-OR and its sampling variance were calculated. 23 Cochran's w 2 -based Q statistic test was performed in order to assess possible heterogeneity between the individual studies. Heterogeneity Q tests were also performed for differences in OR between design types (case -control vs family-based). A test for funnel plot asymmetry, described by Egger et al, 24 was used to assess evidence for publication bias. ORs were pooled using the method of DerSimonian and Laird, and 95% CIs were constructed using Woolf's method. The significance of the overall OR was determined by the Z-test. For the sensitivity analysis, each study was removed in turn from the total, and the remaining studies were reanalyzed. This procedure was used to ensure that no individual study was entirely responsible for a finding. The type I error rate was set at 0.05. P-values were two-tailed. An R-project program was used to depict the degree of differences and trend of association of risk allele frequency from controls to patients. If the vector arrow had the same direction this indicated the same kind of association, and vice versa. Haplotype construction, counting and linkage disequilibrium (LD) block defining were performed using 30 CEPH trios (Utah residents) on Haploview software (www.hapmap.org). The multiallelic D 0 was computed by performing a series of pairwise D 0 calculations using each haplotype in turn as an allele, with all other haplotypes at the locus serving as the other allele. This was then repeated for each haplotype at each locus and averaged by haplotype frequency. Maximum likelihood haplotype blocks were calculated using an Expectation and Maximization algorithm.
Result
The combined search yielded at least 67 references. After discarding overlapping references and those that clearly did not meet the criteria, 18 studies were retained. These studies were then filtered to ensure conformity with the inclusion criteria. For the RGS4 gene, one study 25 was discarded for insufficient and equivocal data. For the PRODH gene, two 26, 27 for insufficient and equivocal data (although we tried to contact the authors to query the data) and two 28, 29 for non-association design studies. (Table 2 ) data in the meta-analysis showed any statistically significant association for either the RGS4 or PRODH genes, nor was any publication bias found with regard to any of the eight polymorphisms (no p(T) o0.05). However, for the allelic analysis, evidence of heterogeneity was found in RGS4 SNP1 (P ¼ 0.009), SNP4 (P ¼ 0.0004) and SNP18 (P ¼ 0.009), and weak heterogeneity was found in PRODH A472T (P ¼ 0.04) ( Table 1 ). There was no evidence of heterogeneity between design types (case -control vs TDT) (P40.05) ( Table 1) . Furthermore, when we analyzed the case -control and TDT studies separately or clumped the patients by age (for 1945C/T and 2026C/T), no significance was found ( Table 2 ). The forest plots are shown in Figures 1 and 2 for the allelic analyses of RGS4 and PRODH, respectively.
Retrospective analysis
The asymptote lines of the retrospective analysis based on the publication year showed that cumulative synthesis of the SNPs investigated currently tended not to be stable as revealed by asymptotic slopes (Figure 3 ), indicating that more replications were needed.
The. funnel plots and trend of allele frequency by R project are shown as supplements. Lack of space precluded the inclusion of the results of individual studies (available on request).
Discussion
Association between the two genes and schizophrenia was supported by studies based on individual locus or haplotype analysis, whereas other studies reported negative findings. For RGS4, different susceptible alleles were Heterogeneity between design types (case -control vs family-based), NS ¼ not significant. b The first allele was the risk allele. c The number of studies included are indicated in parentheses. d Results of the combined studies when the data of the initial association study 15 were excluded. detected, and the risk allele frequencies were in different directions in different populations (four studies 15, 30, 32 reported the G allele as the risk allele but two studies 15, 31 found it had the protective effect). Several possible reasons may exist for the observed discrepancies. Firstly, they may be attributable to sampling bias, including population stratification bias owing to the variations of ethnicities or diagnostic methods and the differences in allele frequencies. Secondly, in the initial report on RGS4, the Pittsburgh sample revealed overtransmission of the G allele in all four SNPs, 15 although the Pittsburgh sample size was small, which may overestimate the true effect of the gene (the 'winner's curse' problem 36 ). In addition, the combined studies of RGS4 showed that the heterogeneity was weak or not significant when the data of the initial report 15 were excluded ( Table 1 ). The results suggested that the original finding might be false and that RGS4 is not a susceptibility gene. Thirdly, both genes were expressed in various tissues and brain regions and therefore were likely to be under complex expression regulations affected by different SNP combinations. Fourthly, genetic structure or environmental factors such as the season of birth, which may be associated with several psychiatric and neurological disorders, 37 may also result in variability.
Actually, such variability is not unique to RGS4 and PRODH, as other genes, like the DTNBP1 gene (unpublished), have also shown different allelic associations with schizophrenia.
As for the LD and haplotype structure (Utah residents), the four SNPs of RGS4 were in the 5 0 end of the For each gene, the four SNPs were in a small strong LD structure. The whole RGS4 gene was in a large LD structure, which was also supported by previous studies. 30, 31 Although all the polymorphisms tested were negative, this may not be sufficient to rule out the possibility of association of other risk polymorphisms, which locate out of the strong LD structure for each gene, considering the positive evidence in previous studies. Further investigation of other at-risk polymorphisms or haplotypes, particularly exhaustive analyses at each locus, is necessary. Another likely possibility is that they are small effect genes. For subsequent association studies, accurate phenotype definition, strict selection of patients, much larger samples and accurate phenotypic data will be required, to facilitate comparability between study outcomes, and the pooling of data in future meta-analyses. This may be the first meta-analysis focusing on RGS4 and PRODH. However, it has some limitations such as the small sample size for R431H, and the fact that a haplotypic meta-analysis could not be conducted as haplotype data were available in only two studies for each gene. Schizophrenia is highly heritable, 38 and it may result from the combined effects of multiple susceptibility loci. However, the nature of schizophrenia remains largely unknown, and the task of locating and identifying relevant major genes remains problematical.
